Abstract. The August 23, 1995 (Mw = 7.0, depth 586 km) Mariana event produced one of the strongest deep earthquake aftershock sequences known. We combined teleseismic arrival times with arrival times picked from a local network operating directly above the event in the Mariana Islands, and relocated the main shock and aftershocks. We derived the source characteristics from teleseismic body waves by inverting waveform data of the Global Seismograph Network. The main shock ruptured downward across the entire width of the active slab along a plane dipping southwestward. Most of the 17 well-located aftershocks occurred along or very near the rupture plane. The different focal mechanisms of the main shock and aftershocks indicate that the stress field varies across the width of the Mariana slab at the area of the August 1995 sequence.
Introduction
The August 23, 1995 earthquake (Mw = 7.0; depth 586 km) (Figure 1 ) produced one of the strongest aftershock sequences of any deep event [Wiens and Gilbert, 1996; Wu and Chen, 1999] , and was the second largest deep earthquake recorded in the Mariana subduction zone, after the October 17, 1979 event.
In this study we investigate the source process of the 1995 Mariana main shock using broadband data from global seismic stations, and relocate its aftershocks by combining teleseismic arrival times with arrival times from a local network operating directly above the event in the Mariana Islands (Figure 1) . The large number of aftershocks provide an opportunity for the seismogenic zone to be estimated accuratly, and the consistency of the aftershock plane with the main shock nodal planes to be evaluated. By relocating the background seismicity in the Mariana slab, we also examined the spatial relationship between the August 1995 sequence and the slab seismicity. The subducting slab in the Marianas is thought to be the oldest oceanic lithosphere (155 Ma) on earth, making the Mariana subduction zone one of the coldest. The 1995 event presents an opportunity to study the characteristics of a large deep earthquake in a cold slab. 
Data and analysis

Mainshock and aftershock relocation
We combined teleseismic arrival times from the Preliminary Determination of Epicenters (PDE) and the International Seismological Centre (ISC) with arrival times picked from a local network operating directly above the event in the Mariana Islands (Figure 1 ). This network consisted of short period stations recording digitally to PC-based dataloggers with GPS timing. We inverted for the positions of the main shock hypocenter, the peak moment release and aftershocks relative to the background seismicity in the Mariana slab using a hypocentroidal decomposition method [Jordan and Svedrup, 1981] .
The P waveforms of the main shock show a large coherent later phase (marked with black triangles in Figure 2 ), which merges into the initial phase at stations to the west and northwest (Figure 2 ). In order to locate the source of this later pulse which represents the main moment release during the mainshock, we picked the peak of the pulse on 47 broadband P displacement waveforms.
17 well-located aftershocks are reported in the final results (Table 1) . This includes only events with average 95% uncertainty semiaxes lengths of less than 8 km. An additional inversion was performed to determine the position of the mainshock and aftershocks relative to the background seismicity. This inversion included arrival time data from ISC (1967 -1987 ) and PDE (1988 -2000 . The relocation results were analyzed using a 3-D graphics package that renders the 95% confidence volumes of the locations.
Body waveform inversion
Source characteristics for the main shock and four large aftershocks (m b > 5.3) were derived from data of the Global Seismograph Network using the body wave inversion method of Nábělek [1984] with the modification by Estabrook and Bock [1995] to include the analysis of deep-focus earthquakes. The technique applies waveform modelling of teleseismic P and SH seismograms to invert for source model parameters in the least-square sense. A complete discussion of the inversion methodology is given in Tibi [2000] .
Discussion
Rupture extent and slab seismicity
The earthquake occurred within a highly active pocket of seismicity in the deep Mariana slab (Figure 3 ). Background seismicity in this region is characterized by a lack of earth-quakes from 515 -560 km, and a high rate of seismicity from 560 -620 km. The initiation of rupture is located near the eastern edge of this 20 km wide active zone, whereas the later main pulse of moment release is located along the western edge of the zone (Figure 3 ). Thus the earthquake faulting initiated near the eastern edge and extended across the entire width of the seismically active slab in this location.
The main shock subevents and most of the aftershocks span an area extending from 586 to 603 km in depth and comprising an area of about 20 km × 25 km. However, two prominent aftershocks (events 3 and 9 in Table 1 , indicated with thin arrows in Figures 3 and 5) occurred about 10 km shallower and 15 km northwest of this region. These aftershocks probably represent triggered earthquakes rather than aftershocks in the immediate vicinity of the fault slip during the main shock. Triggered events have been also observed for several other deep earthquakes [McGuire et al., 1997; Wiens, 1998 ], suggesting that aftershock triggering is a frequent phenomenon for large deep earthquakes.
Source parameter inversion and the rupture plane
Inversion of the P and SH waveforms yields best results for a source model consisting of two impulsive rupture episodes. Theoretical seismograms computed for this model are shown in Figure 2a together with the observations, and the corresponding source-time function is represented in Figure 2b . The 1995 main shock began with a small subevent (M = 0.7 × 10 19 Nm) followed about 2.5 seconds later by the main rupture episode which released a seismic moment of 3.3 × 10 19 Nm. Relative to the hypocenter, the second subevent is located at a horizontal distance of 13 ± 2 km to the west. The vertical directivity inferred from depth difference between rupture initiation point and location of the peak moment release is estimated to be 13 km, suggesting that rupture propagated in the downdip direction. This is in agreement with the relocation results presented in the previous section (see Figures 4 and 5) .
Between the first subevent and the later large episode of the main shock, the focal mechanism undergoes a small change, consisting of a rotation of the W-SW dipping nodal plane of about 30
• . The foreshock of August 18, 1995 (Table 1) and the first subevent of the main shock, both located near the eastern edge of the seismically active slab, show focal mechanisms with vertical P-axis, aligned with the dip direction of the Wadati-Benioff zone, and the Taxis is E-W and roughly orthogonal to the slab (Figure 4) . This is consistent with down-dip compressional deformation observed for most slabs near the 660 km discontinuity. In contrast, the focal mechanisms of most of the aftershocks at the western portion of the seismogenic zone tend to have P-axes with larger horizontal component and with T-axes rotated towards the NE (Figure 4 ). This is indicative of different stress regimes between the eastern and western part of the downgoing plate in the area of the 1995 Mariana deep earthquake sequence.
The vertical cross section in Figure 5 shows that the hypocenter of the main shock and its peak moment release are aligned with the southwestward dipping nodal plane of the centroid mechanism, and most of the aftershocks are located along or very near this plane. A least squares inversion for the plane that best fits the aftershocks, excluding the two triggered events discussed in previous section, yielded a strike of 167
• and a dip of 56
• , consistent to the orientation of the westward dipping nodal plane of the first subevent of the main shock. Except event 2 (Table 1) , all aftershocks are located within 6 km of this plane. This represents strong evidence that the southwestward dipping nodal plane is the one that ruptured, in agreement with the study by Antolik et al. [1999] . Thus, our results suggest that most of the aftershocks of the 1995 Mariana deep earthquake defined one of the main shock nodal planes as in the case of the 1994 Fiji-Tonga and 1996 Flores Sea deep earthquake sequences [McGuire et al., 1997; Wiens, 1998 ]. The 1995 Mariana mainshock occurred immediately to the north of and at a similar depth as the October 17, 1979 event (Mw = 6.9). The latter, however, lay in a east dipping band of seismicity identified as a 'shear band' of slab deformation [Lundgren, and Giardini, 1992] . The 1995 event appears to have initiated a completely new west dipping plane. Such shearing Table 1 . The August 23, 1995 earthquake sequence. FS is a foreshock that occurred 5 days before the main event (M). Values for m b are taken from the PDE. 'arr' is the number of arrivals times used in the relocation, and 'unc' the average length of the 3 semiaxes of the 95% uncertainty ellipsoid. Events marked with ' ' have been located using only teleseismic arrivals. For the aftershocks marked with ' ¶ ', the seismic moment for calculating Mw, and the focal mechanism are taken from the Harvard CMT solution. The focal mechanism indicated for the main shock is that of the centroid solution. 
Rupture velocity and Stress drop
The spatial and temporal location of the peak moment release relative to the rupture initiation at about 18 km distance and 4.5 s time lag, imply an average rupture velocity of 4 km/s. This value for the rupture velocity is comparable with those inferred for the large 1994 Fiji-Tonga and 1996 Flores Sea deep earthquakes [McGuire et al., 1997; Wiens, 1998; Tibi et al., 1999] that occurred in other cold slabs, but is much faster than the very slow rupture velocity obtained for the 1994 Bolivia deep earthquake (e.g. Silver et al., 1995) . Table 1 . Fault plane solutions (Table 1) are horizontal-hemispheric projections of the focal sphere onto the plan of the cross section. Table 1) showing the 95% confidence ellipsoid for the locations of the foreshock (marked with thick arrow), the main shock hypocenter (white), the peak moment release (dark gray) and the aftershocks (light gray). Only events with average uncertainty semiaxis lengths of less than 7 km are shown. Aftershocks marked with thin arrows represent triggered events.
The rupture area estimated from the distribution of aftershocks of about 20 km E-W and 25 km N-S yields a static stress drop of 9 MPa. The radiated energy determined by integrating the displacement source-time function has a value of 9.4 × 10 14 J. The upper bound of the seismic efficiency is estimated to be 0.6. These values for static stress drop and seismic efficiency are also comparable with those of other large deep earthquakes in cold slabs [Tibi et al., 1999; Tibi, 2000; Wiens, 2001] . In contrast, these values are much different from those of the 1994 Bolivia event, which showed unusually high stress drop and low seismic efficiency.
Conclusion
The deep 1995 Mariana main shock ruptured downward across the entire width of the active slab along a plane dipping southwestward. Most of the aftershocks occurred along or very near the main shock fault plane. This event provides further support for the notion that most deep earthquake aftershocks are distributed along or very near the mainshock fault plane, as is observed for shallow earthquakes. The characteristics of this event are consistent with the idea that large deep earthquakes from cold slabs tend to have high aftershock activity, low stress drop, high seismic efficiency and high rupture velocity.
